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GENERAL EXAMINATION 


Introduction 
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As is known, radio emission of the sea Is composed of Its 
eigen thermal radio emissions and the radio emission of objects 
which surround the sea (the coastline, the atmosphere), which is 
reflected from the sea surface. V/e shall examine the eigen thermal 
radio emission of the sea. This is due to the fact that at centimeter 
wavelengths the reflected radio emission of the coast and the 
atmosphere is considerable only for small observation angles with 
the horizon. We shall also examine the agitated surface of the sea 
(the plane surface is examined for example in [1]), when the reflection 
(scattering) is similar in nature to diffused scattering. We may 
expect that the contribution of this emission to the total emission 
of ^he sea will be practically constant in time, and the time 
fluctuations of the radio emission of the sea will be basically determined 
only by a change in the eigen emission of the sea, connected with 
the agitation. 

In examining the eigen radio emission of the sea, we are interested 
in the value of the antenna response which is average in time (T - 

a 

antenna temperature) to this radio emission and basically . the change . 
in this response with time. ( fluctuations). Naturally, these values 
depend on the form of the sea surface, the propagation velocity of 
the sea waves and the lengths, and also on the direction of observation 
and the antenna parameters (in particular, the relationship between 
the dimensions of a spot illuminated by the diagram pn the surface 
of the sea d and d, on thn one hand, and the lengths of a sea wave 
A, on the other hand; here d is the projection of the spot in the 
direction of the wave velocity, and d is its projection in the 

^Numbers in the margin indicate pagination in the foreign text. 
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perpendicular direction). 

Our problem is to find the response of the antenna (its time 
dependence, average dependence, and dispersion) to the eigen emission 
of the sea surface as a function of the parameters of the sea surface, 
the antenna, and the observation direction. To solve it, it is 
necessary to obtain the connection between the antenna temperature 
and the parameters of theanfeenna and the emitting surface. Secondly, 
given a certain model of the sea surface, we must calculate the time 
behavior of T^, the average, and the dispersion for the given parameters 
of the sea and the antenna. 


Antenna response to thermal radio emTssiotf of the eartn (sea)* 5/ 

The response of the antenna T„ to thermal radio emission of 
an object located in the zone of the Praunhoffer antenna is well expressed 
by the following well known; relationship (see for example, the study C33). 

-1 ^ W/ , (1) 

“y ▼ST 

where 7 ^ is the brightness temperature of the object which determines 
the strength of the radiation leaving the object through its surface; 
p2 directional diagram of the antenna; 0^ ^^e object. 

• 

However, frequently, including obsei*vation of emissions from the 
sea, it is necessary to deal with a case when the sources of the 
emission are located in the antenna Fresnel zone. If the antenna 
dimension is D, and the wave length is A, then the zone of Fresnel 
diffraction extends to a distance of from the antenna, 

and, for example, and » whereas the radio emission from 

the sea is frequently observed from much closer distances. In this case, 
we may use the expression obtained ln[2] following from the reciprocity 
theorem [4] or from the principle of detailed thermal dynamic equilibrium 
C53. 


* ^e results obtained in [23 are used in this section, 
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r(rrn<if^j^ r^rae/rdv 

p is the strength of the antenna j - the Poyntlng vector of the 
antenna field within the emitting object; Tf - the normal to the 
surface directed within the object. 

Expression (2) makes it possible to reduce the problem of the 
reception of antenna thermal radio emission from different objects 
to the diffraction , problem regarding distribution in these objects of 
the antenna field with antenna transmission operation*[4] (relationship 
(1) follows from this expression with transfer into a remote zone). 

When radio emission is received from the land and the sea, a 
constant temperature of the earth’s surface is Important ( at least 
within the limits of the main blade of the diaphragm or several 
aerial apertures when the antenna is located close to the ground). 
Secondly, the total absorp^on of the power in the ground (sea) 
at a very small depth * (5-10) \ is very important even for dry ground 
(it is much, less for the sea), where it can be assumed that the 
temperature is constant and equals the temperature on the surface To. 

Due to a constant temperature, expression (2) assumes the form 

where integratlon**ls performed over the external surface f^ (the ■ /7 

value of S is taken ’’within" f^,, characterizing the energy passing into 
the earth). 

Based on the relationship (3)> we may speak equally about emission 
from the surface of the sea and the earth, whereas In the general case, 
the objects are emitting. 

Thus to find T. we must know the distribution of the Poyntlng vector 
of the antenna field with the surface f^ (the value S "within" may 
be found by knowing ,the , incident . field a.id S on the surface f ). 

* u 

* We should note that equation (2) is valid only for the reception of 
thermal radio emission, since the thermal mechanism of emission is 
Important in vhe derivation. 

iHi p. -'ctlon 3 regarding the integration limits 

7 
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In the general case, this is exclusively a complex fraction problem, 
which can be solved only for the simplest types of surfaces. As 
regards uneven surfaces, this problem can be completely solved only 
for a plane uneven surface with roughnesses which are much less 
than the wave lengths XC6-10], and with roughnesses which Are large 
as compared with X [11]. In the case of roughnesses which are 
much less than X, the solution of the problem Is reduced to examining 
the boundry conditions on a certain equivalent plane, This plane 
may be characterized by the effective values of the dielectric 
constant and the conductivity [8,93, and we may use 

the effective reflection coefficient [12]. 

When the roughnesses are much greater than. the X , according 
to the approximation of geometric optics [11], the field at each 
point of the surface is the same as if the reflection at this point 
came from an infinite plane which Is tangent to the surface at this /8 

point. 

In other words. It is assumed that on the surface an incident 
plane wave produces a reflected wave, which may be assumed to be 
approximately plane. The relationship between the incident and the 
reflected plane waves is given by means of the ordinary reflection 
coefficient of ai'plane wave, considering the inclination of the 
surface at this point. Thus, the field on the integration surface Is 
determined by the approximation of geometric optics without considering 
the diffraction effects. 

As applied to the scattering of acoustic and electromagnetic 
waves on an uneven surface, this method was considered in [11]. ^e 
assumptions lying at the basis of this theory may be transferred to 
a study of an unequal surface in accordance with relationship (3), 
where S is determined by the incident wave and the plane wave trans- 
mission factor. 

The basic limitation of the method used In the study by Brekhovsklkh 
is the form of the uneven surface. The nature of the uneveness must 

il 
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such that at each point of the uneven sut*face there may be a 
tangential plane which Is at a distance of no more than the wave 
length X from this surface. As shown in [11], this leads to the 
requirement that the following relationship holds between the radius 
of curvature p, the wave lengths X and the slip angle v and 

2p-3tn'i^»x/ It ^ W) 

and at the bending point <p-v>) the following condition ie /9 

calculated , / ^ , 

where X Is a coordinate determined along the middle level of the 
uneven surface, 

For example, for a sinusoidal surface • the 

bending (on the Inclination of the su??face) we have the condition 

^ Sid iff (6 ) 


In addition to the Brekhovsklkh method, there are other approximate 
methods for determining the field on an uneven surface (for example, 
[13], [1^]). However these methods refer to absolutely reflecting 
surfaces, and therefore cannot be used when examining emission. 


In the study of the sea surface, we have usccl the approximation 
of geometric optics, assigning a certain model for the sea surface. 

2, Models of the sea surface 


The structure of the sea surface is very complex, since there 
are wind waves In the sea with different amplitudes and velocities, 
which Interact, and also interact with waves reflected from the shore**. 

/lO 

The wind waves have a different form depending upon their 
development. In addition, there are always small waves on the surface 
of the large waves. Finally, the profile of the waves and the 

* In addition to wind waves, there are very long waves and tidal waves 

with a large period, which we do not consider. 
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relatlonslp between Its velocity C and the wind velocity V depends 
on the depth of the sei. 

To obtain a qualitative picture and the necessary quantitative 
estimates, It is advantageous to consider the simplest models of 
a sea surface, as which we may use a regular moving structure (wave) 
and a surface which changes radomly in time with a given law govern- 
ing the distribution of the areas for a given Inclination of each 
area to the horlson. 

t 

Let us first consider a regular moving surface. 

It is known [15] that In the stage of development and brief 
growth, and also in the stage of powerful storm swells, there 
are "two dimensional” waves, l.e., waves whose profile does not change 
in a direction perpendicular to the wave veloclt;/ vector. In the 
Intermediate stages the swells as a rule become ”three dimensional”, 
i'hus we shall examine two possible forms for a regular moving surface 
of the sea. 

Since we ;^re Interested in the maximum fluctuations of the sea 
radio emission, connected with the swells, we shall examine the 
largest waves. As shown in [15], these waves (two dimensional and 
three dimensional) may be approximated by the relationships 

e, * ot si'nO, - ci ^ 
hcoi e, j 

where A is the wave length; C - its velocity (we consider a wave /ll 

which moves In a direction opposite to the X axis); h - amplitude; 

o<.0,ZZ2/l; 

0,07X6 A <//< « 0,45). 

The maximum Inclination of this surface to the horizon is 

!nie three dimensional waves . Ar ^ ^ i Ar > . 

Z^he09^(M4C,t} €09^ ^ , \l\i\ 
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where (/f4»0,6) or 0,04/1 (^/♦•O.OS), ^ 

l,e.| we consider a three dlmenalonal wave with the maximum amplitude 
and the largest angle of Inclination to the horizon of about 30®, 

t 

and also a wave with half the amplitude and the largest angle of 
Inclination to the horizon of about 15®. 

According to [15] . We assume that A 

l.e. r,f*l,20c , but for simplicity we shall assume C^"C. O^e 

velocity of a wind wave Is connected with the wind velocity V by 
the relationship * 0,?8v . [15]. 


The wave length A is connected with the velocity C and consequently 
with the wind velocity. 


c^I^A/2x * for a depth of the sea H which Is much 

greater than A . However, as^ shown in [l6] this relationship between 

C and A Is satisfied even at H/A + 0,2 with an error of about 855. 

Therefore we shall assume , 

7 * (7c) ^^2 

*nius the parameters of the sea surface depend only on the wind velocity. 
Taking this 'Into account, we may write the expression for the models 
of the sea surface (wind velocity V in meters per second) : 


Two dimensional surface 

X - ^ - 0, 7S vt ‘ 


4 

» 


M 

I •• 2,6'td^ V* coidf , 

Three dimensional surface 

1,- I0*v‘coi , 

Considering that the time period, of a sea wave ' 

..... 


C 


we have the following for a two dimensional wave 
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and for a three dimensional wave 


or 
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Considering the approximations used regarding the relationship 
between the wind velocity and the wave length and the period for 
different wind velocities corresponding to different points on the 
Beaufort scale [163, we have the approximate values of A and T 
given In Table I. 


Using -.(6), we obtained the condition for the applicability of 
the method of geometric optics (we assume the surface Is sinusoidal 

and A*o.iA) ^ 

0 ,!-^ ( 8 ) 


which gives the following at X«3 and A«3 (the swells are less than 

“S i * 

three points) ,l.e.v^>/ 


Thus the method of geometric optics may be used for any observation 
directions, with the exception of tangents to the surface, l.e., the 
region of angles with the horizon of and 

(the latter Is for a surface with half of the amplitude)*. 


*At ^^< 80 or 1^'*’ for individual points of the surface . However 

the contribution of these regions to the total radio emission is small, 
whereas at ^.*90* or 15® for practically the entire inclination of 
a wave which "trails” with respect to the observation point ‘^•0. 



For angles which are less than the angle of the maxltnum ' 

inclination of the surface to the horizon^ it is necessary to 
Introduce the shading function of parts of the surface by other parts. 
We must also consider the reflection of radio omission of one side 
of the wave from the other. 

When using the method of geometric optics, it is necessary to 
know the reflection factors from the sea surface R, determined by the 
value of its dielectric constant €•€**(€* (jl/^ t) (9) 


Table I 


parameters 


z 


2 1 t 

6 

z 

_ 

e: 


zo 
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V.Veeo.J:^ it it it .itn’t 8t ststiit S 


25,8- 29 


® >l.m 0,I-Z Z-4 '4-ZO Z(HM 20-26 29-59 66-65 ^ ^ ^ ^ 900 

per sec, 


® r.seo.J.^^ |.g- |.J- 3.7- M ^ J.3..3-I0 g. B-I6 » 


Introducing the notation , we may use . IpT-OS, ya'.e 

into calculations (see [8]). 


As another possible model of a sea surface, let us examine a 
surface which changes at random in time and in space with a random 
distribution of the angles of inclination of the surface to the horizon 6, 

We shall consider the two dimensional and three dimensional 
stochastic models of the surface. We shall characterize them by the 


9 
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normal law of distribution P of the angles of incllnlatlon 6 with 
different mean sqiiare values of from 2 to 15*. 


Let us give the space-time and characteristics of the models. 
We shall characterize the two dimensional model by a two dimensional 
distribution density of the angles of Inclination in the form 





uy,(nn \ 


( 10 ) 


where Is the normed correlation function of the angles of 

Inclination; three dimensional ) or 

( ). 

Let us consider stochastic surfaces which are characterized 
by the correlation functions of the form; 

Pt (vi • •xp j^- «; M J eat i/ ^ 

Expression (11a) characterizes the correlation properties of 
a random process with the quasiperlodlc component [18] and Is a 
stochastic analog of the regular two dimensional model. Such a surface 
is distinguished by an average period of the waves (i/^Z 
the average wave length ( )■ . The coefficient Is the 

index of the Irregular swells. 


(11a) 

A6 

(lib) 


We shall use the correlation function of the form (11b) to 
characterize a random process without a quasiperlodlc component of the 
ripple type. 

We may determine the space-time characteristics of the emission 
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fldXd for a fchr#e dlmeneional model from the data for a two 
dimensional model and the assumption of the separation of the variables 
along the and axes in the expression for the correlation 

function of the emission capacity of the surface ^ ^ 

Thus, we shall characterize the stochastic three dimensional model 
with a quasipei^iodic component along the and , axes, 

similar to the two dimensional model for given 

(IXa), by the average wave length J[ (the average period ^ 
along the Ox axis, and the average length of the crest / along 
the oy axis. The coefficient characterizes the three 

dimensionality of the swell. In the case of isotropic swells ^mZ, 

/17 

3 . Certain notes regarding the integration and polarization region 

The integration region is determined by an illuminated spot 
on the surface of the sea, l.e,, in the case of a formed diagram - 
by the intersection of the main blade of the diagram with the sea 
surface, since we are only Interested in the power received by the main 
blade of the diagram®. Therefore in expression (3) S is proportional 
to the power emitted by the antenna in the main blade, l.e., the 
quantity , where A. is the antenna scattering coefficient 

Cl], In addition, since we use the stream density in expression (3), 
we will place the coefficient in from of the Integral, where 

is the transverse cross section of the main diagram blade at the point 
of intersection with the sea surface. 

When the emitting surface is located In the Fresnel zone (at a 
distance of from the antenna). Instead of < ); , as 

was shown in C2] we must use the quantity ( /-/j ,) at - 25)'JI 

or f ^ - as)4 » where /g Is the antenna 

scattering coefficient in semi-space. The Integration region is thus 


* If may be readily seen that a change in the antenna temperature during 
the reception of radio emission may only occur due to the fluctuations 
of the emission incident on the main blade, whereas the fluctuation of 
the radio emission of the sea, Incident on the side blades is due to a 
wide ’’lateral” diagram. In addition in relative meaeuremente the back- 
ground radio emlsBlon Is practically excluded. 
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determined as the intersection with the sea surface and a /l8 

cylindrical wave beam, whereas cross section linear dimensions 
are (3+ 5) D. Physically, this follows from the qualitative picture 
where the formation of the antenna directional diagram examined 
in [2]. 

The reflection coefficient R of any surface as is known depends 
on the polarization of incident emission with respect to the 
surface, l.e., and further, the electric vector of the Incident field 
is located in the plane of incident or is perpendicular to it (we 
should recall that the plane of Indident at a given point of a 
surface refers to the plane passing through the normal to the 
surface at a given point ^ , and the Poyntlng vector of the 

incident field where i, - the unit vector). At the 

same time, the polarization of the antenna is determined with 
respect to the plane surface of the earth. It is therefore clear that 
where a given polarization of the receiving antenna (horizontal H 
or vertical V) at any point of the surface in the general case there 
will be both polarizations with respect to the surface at a given 
point) designated later by the Indices ■, r - vertical and 
horizontal), in accordance with the projections of the elec.tric 
served vector on the plane of incident and on the plane perpendicular 
to it. Consequently (the antenna response in the case of its 

vertical polarization) will depend not only on , but also on 
(similarly to ^^ ) . This phenomenon is somewhat arbitrarily -oailed 
D polarization, since when receiving emission from a agitated surface 
the difference between and 5^ in the general case is 

smaller than when receiving emission from a plane surface 

of the sea, when . Cy and depend only on ^ and . /19 

^ . Specific expression for antenna response to’ emlBsion from a 

rough surface 

Let us consider a rectangular coordinate system ^ 
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(the unit vectors ^ >J i ^ ) with the plane coinciding 

with the plane surface of the sea (Pig. 1). We shall assume 
that the antenna is located at the point /f(0,0,H) of the Z axis 

at the height H above the plane x , y , and the receiving 

direction (emission) will be characterized by the unit vector f 

si'ni^cos^ i ^ 

are the directional cosigns (the angle - the azimuth - is 
read from the X axlss the ^ngle if ' * the zenith angle - is read 
from the Z axis). 
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Ihe emitting surface may be given in the form 
or in the form in accordance with (7)^ or as a 

random , where is a function which randomly 

changes in time and space. 

The normal to the surface has the components 
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The reflecting (emitting) properties of the surface, ao 
was already shown, will be characterized by the reflection coeffients 
at each point for the vertical fg and horizontal polarization 
(with respect to the surface at the given point). 






( 12 ) 


where ipland are determined by expression (9); 

Here is the slip angle to the surface. 

In equation (12), we disregard the quantity as , compared 

with , since 


Allowance for depolarization is reduced to projecting the 
electric vector*? of the incident field on the Incidence plane and 
on the perpendicular to it. Thus the expression for the emission 
coefficient has the form - . - 

(13) 

Where the signs and the indices » and 

refer to "V” and ”h"; 




which considers depolarization is given by 


the following relationship: 
at 







(l4b) 
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Where l^(cot9,ii’n¥^0) Is the unit vector in the X plane 

y ; 

it -*-1^ 

ow/o^- » ■ #, 


where 




Is the 


unit vector in the X,Y plane at t \fn 


auf „ ^ . 


(Ho) 


We consider the shauing of part of the surface by introducing 
the shade function ff ( y» ^ ). which equals zero in the shade 
regions and equals unity outside of these regions, /23 


Thus for » according to (3), we have the following 

relationships 

where : 

- in the case of parametric determination of the surface in 
the form of "two dimensional" waves 




(I6a) 


- when determining the surface in the form 

\h ^ ycfjt«(y , ( i6b ) 


The expressions (15)-(l6) depend on the antenna parameters, 
the integration region and 5 ;), on the receiving direction ^ 
and on the parameters of the sea surface ./ ,Jp,easa< . The 
Illuminated spot is determined by the quantities X, H and D, where 
D are the linear dimensions of the antenna opening. The receiving 
direction is determined by the angles ^ and , and the properties 
of the sea surface (in addition to its form f), by the value of e, 
and the values of the wind velocity V. 
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Expressions (i.5)-(l6} make It possible to find the dependence 

^ different values of 


of 

these parameters 


u ,K ) 
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Prom these^ expressions, we may readily obtain the average 
value ^ ^ and the dispersion of the fluctuations 

^ of the emission capacity of a rough surface, 

the brightness and antenna temperatures. 


Let us determine the Interrelationship between the characteristics 
of the emission and the parameters of the stochastic model of the 
surface. 


The average value of the emission capacity of the surface, formed 
by a steady state random function. Is determined in the general case 
as the mathematical expectation using the formula 




(17) 


Here In the general case Is a two dimensional vector which 
characterizes the orientation of the normal 7 to an element of the 
surface; for a two dimensional model * » foi* a three 

dimensional model » 6 - angle of inclination; 

ip - azimuth of the normal ^ - region of values of P^; for 

a two dimensional model • for a three dimensional 

model ; 04 f<2v • In the case of a three dimensional 

isotropic model P(S,^)»P(6) for all values of the 

asimuth 04 i/i <27T 


Using (12) and (17)* we obtain the dispersion of the emission 
coefflcent fluctuations from the expression: 


* We should note that expressions (15) and (16) do not consider the 
emissions of the wave slopes reflected from the adjacent slopes. For 
•a model of the sea surface with the maximum inclination 30®, the 
emission reflected from the adjacent slopes Is possible at 
150® > > 120®, where we may Introduce the corresponding correction. 
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( 10 ) 


% 4 ' 
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Expressions (1^)» and (18) make It possible to determine 
the average value, and also the dispersion of the fluctuations In 
the emission capacity and the brightness temperature without 
considering the finite dimensions of the emitting section of the 
surface . 


Let us obtain the analytical expression for the dependencies 
of the emission characteristics j? 

on the sea parameter ^ for different values of the angle of the 
observation 6 for a two dimensional surface model at ^-0^ 


An analysis of the angular dependencies I' 

for calculated and experimental, shows the possibility of approximating 
them with functions of the form 


« 



(19) 


in the interval of values for horizontally 

polarized and for vertically polarized emission, 

where is the booster angle. The signs and are taken 

for the Indices and ^ » 


The accuracy of the quadratic approximation can be determined 
by dlfferenclating the expressions for the emission coeffients 

with respect to the angle .1^ . It follows from analyzing 

the expression for the derivatives 

functions ^ie » determined by expressions *(10) , (12) and (19), 

for horizontal polarization In the wave length range \ from 1 to 30 cm 
coincide within an accuracy which Is no worse than 3K> This means 
that , which ^corresponds to the derivative 

of the function (19), where ^ /26 

For vertical polarization (and horizontal at the wave length 1»0.87 cm) 
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r 


the maximum deviations of the approximating function from the 
dependence according to (10), (12) represent a quantity 

which Is no more than lOjS. Thus with this accuracy 

• The values of the coefficients used In the 
calculations for different wave lengths are given In Table 3. 

When using the distribution density of the angles of Inclination 
P(e) In the form, of a normal law, according to the assumed surface 
model and the quadratic approximation of the dependents , 

we obtain the following expressions for the average value and the 
dispersion of the fluctuations of the emission capacity: 

0 , 


( 20 ) 

( 21 ) 


where 

and the corresponding values of the brightness temperature: 


71 ■ (T . 

0 » 


% * • 


( 20 ») 


( 21 *) 


In formal terms expressions (20), (21) are valid In a range 
of the observation angles ^ , excluding the shading of a portion 
of the surface. Considering the characteristics of the dependents 
for vertical polarization (Brewster angle), this range 
may be determined approximately from the following condition 
and for vertical polarization 

( 22 ) 

J for horizontal polarization 
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However, an analysis shows that when determining the radiation 
properties of an uneven surface the function fi($) In (17)* (18) 
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Is the distribution density of the angles of Inclination determined 
with respect to the observation direction • It is necessary 

to consider the dependence of the distribution density of the 
angles of inclination on the angle , at which the observation 
is performed, particularly values of ^,>40®. , We may show that this 
dependence is considered by Introducing the correcting function 


so that 


h (w 


cosie-ej 

' ■ t 

C04$ 


/> % f^(6) 


(23) 


where q is the norming factor. 


We should note that according to (19) and (21) 

^ (S'*) 

for fixed values of ^ and ^ . 


To determine the emission characteristics considering the 
parameter ^ , which characterizes the dimension of the transverse 
cross section of the main diagram blade at the point of intersection 
with the surface, and to obtain the expression for the dispersion 
of the antenna temperature fluctuations. It is necessary to use data 
on three dimensional and time properties of the surface models , /28 


For a two dimensional model, the correlation function of the 
emission capacity is determined by substituting (10) into the 


expression 
where is 




the region of values of 6, and 




$ * 0 


(25) 


In the case of quadratic approximation of the dependence 
in the form of (19) an integration in infinite limits, 
will obtain 




( 25 ') 
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a 


whui*a 





'Thv of the approximate equality la explained not only by 
the jeXected approximation of the dependence , but aloo 

by thu CJuuBsia'i approximation of the distribution density p 
and inte^;ration in infinite limits. It is apparent that the 
error will be smaller, the smaller is the value of . When 

deriving, (20), (21), it is assumed that there is no shading of 
suri*ace areas, l.e., condition (22) is satisfied. 


’ve determine the following from (25'): 


/a9 


- the normed correlation function of the emission capacity 
and the brightness temperature in the form 


or 



m 


( 26 ) 






( 26 ') 


where 

angle 


«.;.4 

if « 10 


are the normed values of the observation 


Q and the mean square value 


- average value of the emission factor in the form (20) j 

- the dispersion of the emission factor fluctuations in the form 

( 21 ). 


Let us now determine the correlation function of the 

emission capacity of the section of the surface "eliminated" 

by the antenna beam and having finite dimensions by double expansion 
of the correlation function fig(u) determined using (26), (26'), 
with the function of the "eliminated" emitting area (the weighting 
function h(^) ): 

K(ohJhl}j j/, (^j di. ( 27 ) 


21 


' tm. 




In the case of uniform "elimination" 



/ 

y 

0 


for other 



( 28 ) 


v.'here a io a linear dimension of the area around the ox axis . 

As a result, we obtain y 

Ja 1/ i; ^ . ( 27 ' ) 

Expression (27') at u = 0 determines the a ttenuation function 
of the radio emission fluctuations characterizing 

the decrease in the fluctuation rate with an Increase in the 
dimension of the "eliminated" section of the surface /- vV/ . The 
magnitude of the variations in the radio emission , 

considering the dimensions of the emitting section of the surface, 
is determined by multiplying , determined by expressions (18) 
or (21), by the attenuation function X. Considering (1^), we thus 
determine the variations of the antenna temperatures. 


Let us determine the function X for models of a surface characterized 
by the correlation functions of the angles of inclination in 

the form of (11a) and lib). 


Substituting (11a) and (lib) into (26 ) and substituting (26) 
into (27), we obtain: 


- when giving in the form of (11a) 


v/here 


° A 




(29) 


is the ratio of the linear dimension of the emitting 


section to the average length of the sea wave 
see irregularity index included in (11a). 

- giving in the form of (11b) 


ORiGliyilL f. IP 

OF POOR quality 
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( 30 ) 


wnci 


a. 


I 4 /“ is the ratio of tho linear cSimension of the emitting 
sootion to the magnitude of the correlation interval determined 
using the level of decrease in the correlation function 
by a factor of ”e"j b - integral of gauss probability. 


should note that expression (29) is valid at 
^^'>20°, ^ when the ratio ^ iO . When 

these conditions are satisfied, the frequency df the operating 
function />a and correspondingly is not doubled in 

the transition from to • We may show that in the case 

of vertical observations, the function oscillates with a doubled 
frequency . 


For a three dimensional surface model, in accordance with the 
assumption of the possible separation of variables in the expression 
for the correlation function of the emission capacity 

, we find that the attenuation function 
of the fluctuations is determined in the form Xy . 


In particular, for a surface model with 
form of (11a) . 

h X^ (^t>j ) ^ ( 31 ) 

where . ^ _ 

A * i ' 

d d •' linear dimensions of an area in 

* t / 

the direction of the axes Ox and Oyj 
A , T ~ average length of a sea wave 
and the depth 


( 31 ) 
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Let us make several qualitative comments. 


u«‘ 


QijAUtV 
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A ehan^a in antanna tompuj^atus?© w.t'wh time la datiunmined 
by ViiKi i'acb that sactiona with ciiTforent angles of incliriabion to 
the buau all through the diat'jram when the surface or the emission 
racaiver move, relative to the surface, 

rt is appcix'enu tnat this v/111 be a maximum change when the 
width of the "eliminated” spot is much less than A or(A), i.c-,, 

. In this case the observed changes in the antenna temperature 
are proportional to the brightness temperature of the sea ^ and 
its fluctuations . It is also apparent that with an increase 

in the ratio the fluctuations are smoothed. This effect is 

considered by the attentuatlon function for the fluctuations. At 
/»!; j at ^ . In addition at 

;r ■ , the attenuation function is minimal, since a 
whole number of sea waves is contained in the "eliminated" spot. 

A qualatatlve estimate shows that the magnitude of the fluctuation 
for horisontal polarization is two times smaller than for vertical 
polarisation with observation angles to the horizon ranging from 33 
15 to 60 ®. 

In the case of normal incidence, the fluctuations are minimal 
due to the smoother behavior of the reflection coefficient curves. It 
is also clear that at (i.e,, with the observation direction in 

the plane normal to the wave front) the fluctuations are maximal due 
to the greatest dynamic range of changes 4n inclination angles of the 
sea surface. 

It can be expected that depends slightly on the ratio 

, since different sections of the sea surface pass through the 
diagram in sequence, and the time averaging is equivalent to a certain 
degree to averaging over the diagram. 

Calculation results 

A calculation (taking into account the shading) was performed 
using the BESM-2 computer, and analytically using formulas (20), (21) 

2A 


(2^), (30). 


Tabla 2 siv«s the values of the complex dielectric constants 
used in the calculations. 


Table 2 



0,87 

I.O 

1,62 

3,2 

6,0 

10,0 

30.0 

<r 

XI-/I3 


44-/40 

65-/3X 

76-/I9 

60-/20 

80-/75 


A portion of the calculation results is given in Figures 2-15, 
where regular surfaces with "three dimensional" and "two dimensional" 
waves are called the first and second, respectively: 4" ^hgle /3^ 

of inclination to the horizon; -angle in the horizontal plane 
between the beam and the direction of motion of the sea waves (see 
Fig. 1). 

Value of T^ average over time. Figure 2 shows the values of 

which are proportional to the brightness 
temperature of a surface with "three dimensional" waves and characterizing 
the emission capacity . Similar curves are characteristic 

for other regular surfaces. A the calculation shows, the dependence 
of on c//a is rather slight, particularly for the angles S0°, 

i.e.j the width of the illuminated spot has a much greater influence 
upon Che magnitude of the fluctuations than on the average value. 

Therefore the values in the figure may* be used to determine not only 
the brightness, but also the averaged values. Here for comparison we 
plot the values of <7^/^ ■ (plane) for a plane surface, which apparently 
equal 1^ ) t , Where is the Fresnel coefficient. 

Figure 3 Illustrates the angular dependence of the emission 
capacity calculated for a two dimensional regular model at « 0® , 

and different values of the maximum angle of inclination of the trochoid 
6 [193. Figure ^a,b gives similar dependences (determined for stochastic 
models, three dimensional and two dimensional, at and for 

different val* a of the sea parameter 6^. The ordinate axis shows 

25 


the emission capacities, and the values of the polarization coefficients 

which are derivatives of them. 


Figure 2 



Figure 3 
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Figure ^ 



As follows from the calculations, for three dimensional /37 

models, regular and stochastic, the azimuthal dependence of the 
emission capacity and degree of polarization are either expressed 
weakly or not at all (Isotropic model). For two' dimensional models 
this dependence holds and Is manifested in an increase in the emission 
capacity for vertical polarization, and a decrease for horizontal 
polarization which with a change in the azimuthal angle ‘f- from 0 to 
90 ^ [ 19 , 20 ]. 

Figure 5 shows the spectral dependence of radio brightness 
determined using (20) at ^ • In the analytical 

calculations the values of the coefficients used are given 

in Table 3. 
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Table 3 


■■■■— p 


U .CM 

i 

0.87 

I.o 

1,62 

3,2 

6,0 

10,0 

30,0 


6,7 

6.8 

6,5 ■ 

8,5 

6,5 

6,3 

5,9 

1 5 

i 4 '^^>2 

1 //^fiad 

e ,7 

5,0 

4,7 

4,6 

4,3 

4,3 

S.7 


Pluctuations of the radio emission of the sea . Figures C-8 
show the values of the brightness temperature fluctuations of the 
sea radial emission 


as a function of the observation angle for different values and 
different types of regular surfaces; Figures 9-12 - for stochastic 
models, and Figures 13-15 - values of the attenuation function of 
the fluctuations X (we recall that the fluctuations for a given 
d/A are determined by the product )• 
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£iv$t surface 









f 



/liH 

It follows from the calculations that the maximum fluctuations 
in the emission from a regular moving sea surface occur at , 

i.e., in an observation direction which is normal to the front of the 
sea v/ave, and at angles of Inclination toward the horizon which are 
close to the maximum angle of inclination of the sea surface, which 
is physically obvious, since at there is a maximum of the 

dynamic range of the angles of the sea surface passing through the 
diagram. For small observation angles (under shading conditions) there 
are maximums and mlnlmums . The magnitude of the fluctuations 

for horizontal polarization is approximately two times smaller than 
for vertical polarization for obervatlon angles with the horizons from 
approximately 15 to 60°. Tlie maximum magnitude of fluctuations at 

occur for vertical polarization of 40r^5®K and for horizontal 
polarization - 20-25®K, When the direction of observation is along 
the wave front ( 90® )» the fluctuations of the brightness 

temperature are minimum and are 5rlO®K. 

Figures 9-11 show fluctuations of 'radio emission determined for 
stochastic models of the sea surface with non-uniformities which are 
close to the lengths of the electromagnetic waves. The graphs in 
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Ficuras 9 and 10 were calculated on a computer using formula (l8). 

The graphs in Figure 11 - using formula (21). 

It follows from the graphs in Figures 9 and 10 that, in the 
case of regular models, the fluctuations of radio emission at angles 
of 45+50® for horizontal polarization are two times smaller than 
for vertical polarization. 

B'or a maximum angle of inclination 10*15® ( ), , 

i.e., for values of the parameter S* the maximum fluctuations 

may be 10-15° for an observation angle of ^"80® at 

^> 30 ° the magnitude of fluctuation does not exceed 10°K and 
at ^>45° the fluctuations are smaller than 5°K. 

For a two dimensional ^“tochastlc model. Just as for a regular 
model, there is a characteristic azimuthal dependence of the fluctuation 
intensity. 

Figure 12 shows the spectral dependence of the radio emission 
fluctuation intensity determined using formula (2^) for a two 
dimensional model at .po . The values of the fluctuation intensity 
are normalized with respect to at a wave length of A»3.2 cm 

for horizontal polarization. 

When the illuminated spot is much larger than the length of the 
sea v;ave, the fluctuations of the sea are greatly attenuated. It 
can be seen from Figure 13, which characterizes the fluctuation 
attenuation function for a three dimensional regular model at P»0® * 

it may be seen that at the fluctuations are attenuated by 

approximately a factor of 10, and at d/A'^z - by a factor of 20. 

At d/A== 0.5 we may expect a decrease in the fluctuations by a factor 
of 2, and even a factor of 3-5 when observing a "three dimensional" 
wave vertically below ( ^«90° ). 

* As the calculations show, similar curves .%(d/A2 are characteristic 
for other regular surfaces and for the values 
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Pisures and 15 give graphs of the fluctuation attenuations 
for a two dimension stochastic model at .0®. • Figure 1^ 

illustrates the dependence X(</f,) , » calculated using (29) for 

different values of the index for sea irregularity . As /46 

follows from the results, with an increase in the sea regularity, 
when the values of decrease, there is a decrease in the 

corresponding values of X * The curve for characterizes the 

limiting case for a regular two dimensional sea. 

Figure 15 gives graphs of the function X(d^), determined using 
(30) for different values of the observation angle. 

In conclusion we should note that when calculating sea emission 
considering the atmospheric emission reflection from the sea surface, 
as we may use where is given in Figure 2. 

ffffj 

I 

Figures 16-20 give some of the measured values for the sea 
radio emission fluctuations at centimeter wave lengths . Figures l6-l8 
also show the theoretical values of the fluctuations calculated 
for models of the sea surface* I - three dimensional j II - two 
dimensional; III - three dimensional waves with half amplitude, and 
Figures 19 and 20 give the values determined for stochastic models . 

When determining the theoretical values of vie use the 

values dTjf for a given angle of incllniatlon 6 f shown in figure 
5-9 > and the calculated value for a given and a'/A 

The quantity A is determined by points and by direct measurements, 
and uhe quantity d is calculated using the well known quantities 
6/-, H and - the half width of the main directional diagram blade 

using the formula • HaQ • where r is the distance 

from the antenna to the sea surface in the direction of the main blade. 


3 ^ 




jexp.. 


/^9 


w 


M 




Kev -l-”Vartical polarization 
two dim. model 

2- three dimensional model; 

3- swell from 2 to 3 points: 

4- swell, 2-3 points; 

5- 3-5 points; 


The data obtained in Figures 19 and 20 were obtained for a /50 
change in the sea from 0 to 5 points. A range of observation angles 
0<df.< 50®. corresponds to the sea surface. For strong agitation 
of about 4-5 points, this range is reduced, since the values of 

50® correspond to the sighting of surface sections covered 
by foam. As the measurements showed, foam entering the beam leads to 
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to an Increase In the fluctuations in the averas© radio emission 
intensity. Since the foam and the froth formed from the drops 
of water and air bubbles closely agree with the surrounding space, 

i.e., the reflection coefficients for them are close to zero, they 
are sources of intense emission similar to the emission of an 
"absolutely black" body. Based on the measurement data, the emission 
capacity of the foam reaches values of 0.9. 

An examination of Figures 16-20 shows that the experimental 
data closely coincide with the calculated data. This confirms the 
validity of the theory and the idealizations selected and can serve 
as a basis for using the computational results for determining the 
expected radio emission fluctuation. 
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